This paper details the design principles of operation of a pneumatic proximity-to-tactile sensing device for part handling and recognition in a flexible manufacturing environment. The sensing device utilises a densely packed line array of piezoresistive pressure sensors, providing continuous variable outputs. The sensing plane of the device incorporates a corresponding line array of air jets which develop an air cushion when striking a target of interest. The back pressure levels from these air jets form the basis for the task of target detection and recognition.
INTRODUCTION
In developing a tactile sensing system, an overall structure is usually adhered to which takes the following form.
• A discretely distributed array of sensing sites is planned; • a corresponding number of signal conditioning circuits are devised for the purpose of data acquisition; • a medium or a membrane is used to transmit the effect of the desired stimulus to the sensing sites.
The sensing array consists of sensing elements that are transducers which ideally respond to a form of stimulus such as pressure, 1 " 3 light, 4-5 heat [6] [7] or displacement. 8 The signal conditioning is used to relate the output record of the transducer (usually voltage or current) to the magnitude of the stimulus source. A medium or membrane is usually used to transmit the effect of the external stimulus to the transducer, whilst in many cases protecting the sensing elements from environmental conditions. For instance, soft membranes such as rubber are used to prevent direct contact of a metallic object with a piezoresistive IC pressure sensor in order to avoid damage to the sensor and short circuiting it. However, rubber allows direct transmission of pressure stimulus to the IC pressure sensor.
In designing tactile sensing arrays, a number of important factors must be considered. The most important consideration is to ensure that an adequate sensing resolution for a given application is planned for. The sensing resolution is further subdivided to spatial resolution (i.e. positioning) of sensing elements in the array (on the surface of the sensing plane), and the measurement sensitivity of the sensing elements at each locality. Tactile sensing is a relatively new technology, and has been mainly applied within the field of robotics. In this field, tactile sensors have been developed and used to emulate the human sense of touch. Therefore, the sensing resolution is often planned to closely approximate human mechanoreceptive capabilities. Complex configurations of tactile sensing, such as those of humans, are beyond the scope of the current state of the art. Most tactile sensing devices are devised to respond to the changes relating to a specific parameter of interest such as pressure or displacment. The sensing resolution along the sensing plane of approximately 1 mm is found to be close to human touch reception. 9 In terms of pressure stimulus, the most sensitive part of the skin is on the index finger, having a detection resolution of 6 fim indentation or 6.8-10 grammes per centimetre square for a comfortable touch. 10 Other considerations include the choice of the sensing element and the substrate or matrix that contains the sensing elements. With the transducer (i.e. sensing element), one important consideration is to ensure that a continuously variable output is achieved. This refers to the sensor's capability to respond to changes in the value of the applied stimulus in a continuous fashion. The measurement characteristics of the sensing elements should ideally be linear, hysteresis free and have a fast response time. 1142 In reality, however, all sensing elements exhibit non-linear characteristics somewhere in their working range. An important consideration is therefore the extent of the operating range for which a linear response to an external stimulus can be expected. The same consideration is also true of the effect of hysteresis. For instance, with piezoelectric strain gauges, the sensor response is quite non-linear and can be affected by hysteresis when the device is supplied with a constant voltage. A constant current supply can be used with this device in order to ensure a more linear output response.
Other factors that might affect the performance of tactile sensors are fatigue of the membrane or substrate, drift in conductivity or saturation, noise and environ-mental conditions. Miniaturisation of sensing elements has two main advantages. Firstly, it enhances the sensing resolution as denser arrays of these elements can be constructed. Secondly, with smaller devices problems due to non-linearity diminish. Miniature single crystal silicon sensing devices can now be machined, giving a robust micromechanical structure.
In this paper, a novel design of a high resolution pneumatic proximity-to-tactile sensing device is developed based on a line array of back pressure air jets which monitor any change in the pressure of an air cushion. The air cushion pressure is generated by an air flow which strikes a target, and the air flow leaves an air chamber through an air nozzle. Each back pressure air jet is designed so that it is completely isolated from the air flow in the air chamber in order to avoid any interference between the air flow in the air chamber and the back pressure air jet. The design of the high resolution proximity-to-tactile sensing device was developed via a number of iterative designs to meet the demands of a flexible, robust and cheap to manufacture sensing device.
PRINCIPLE OF DESIGN AND OPERATION
In this paper the design principles of operation of a hard compliant tactile sensing device is presented. The reason for opting for a hard compliant device is that it enables repetitive use without having to make contact between the sensing plane and objects of interest, thereby eliminating problems such as wear and damage that might be caused to the sensing plane. In choosing a hard compliant device, an active medium must be used to transmit the effect of the external stimulus to the sensing element. A fluid or light are the obvious choices since they are cheap, wear resistant and easy to obtain. Dry air in particular is available in most industrial plants and laboratories. It has no corrosive or contaminating action as other fluids may have, and requires very little control as is usually required when light is used as a transmitting medium. Therefore, it was specified that the design would be centred around the use of air as a transmitting medium.
With air, two different approaches to measurements can be adopted. Firstly, pressure can be utilised as a parameter which responds to the changes caused by the external stimulus. Secondly, flow rate or flow velocity may be used. The former was selected as it would correspond more directly to pressure receptance in cutaneous tactile sensing. In order to ensure sufficient sensing resolution, air flow should be concentrated as jets and the pressure would normally be monitored from individual corresponding sensing elements. The configuration chosen was to measure the back pressure to an air jet striking a target. Each jet was then considered as a source of excitation (stimulus) that is monitored by a corresponding back pressure jet that leads to a sensing element. In this way one may control the source of stimulation (air jet pressure), monitor the feedback (back pressure jet) and ascertain information about the target which affects the feedback pressure. An array of such Tactile sensing supply air jets and corresponding back pressure feedback jets can provide quantitative information about the profile of target surfaces.
Air flow in the tactile sensing block
To assist in the design of the sensing device, an understanding of the theoretical behaviour of air flows in the sensing device is helpful and is developed via the three stages shown in Figure 1 and represented as Flow A, Flow B and Flow C. Flow A is the air flow leaving the air chamber of the sensing block through a nozzle. The air flow is developed between the air chamber and the sensing plane. Flow B is the air flow between the sensing plane and the target, and Flow C is the air flow through the back pressure air jet.
A large volume air chamber is constructed in order to maintain a constant pressure supply. The length of the back pressure air jet is kept to a minimum in order to reduce the pressure losses along the air jet length and also to increase the volumetric flow accordingly. This also ensures a sufficient pressure gradient between the jet's inlet and the atmosphere to sustain a high flow rate through the air chamber and the back pressure air jet.
The velocity distribution of the air which flows steadily parallel to the axis in the annular space between two coaxial cylinders of radii R and r, (i.e. Flow A) as shown in Figure 2 , is given by the following equation (1) .
Where /x is the air viscosity.
In r + a 2 )
From the velocity distribution V x (r) as shown in Figure 2 , the two constant of integration A and B are determined from the following boundary condition.
V x = 0 at r = R and r = r {
From these boundary conditions, the constants of integration a x and a 2 are determined as follows:
Therefore by substituting the two constant of integrating equations (2) and (3) in equation (1), the air jet velocity becomes:
V^-^itdx
The rate of volumetric flow is derived by double integrating the velocity:
a-J/v.rdrdd and hence the pressure drop along the air jet is given by the following equation: dp = -
From equations (1) and (2), the pressure drop (dp) can be calculated and therefore the pressure (P 2 ) of the air flow leaving the air chamber through the nozzle can be evaluated. The flow rate through the air chamber and the pressure entering the air chamber (P{) are set by a flowmeter and pressure regulator respectively. When an air flow strikes a solid surface (i.e. a target of interest), it does not rebound from the surface as a rubber ball would rebound. Instead, some of the air flow escapes on all sides of the target and an air cushion is formed in between the sensing plane and the target as illustrated in Figure 3 (i), 3(ii) and 3(iii). The air flow leaves the air chamber with a velocity and pressure as defined by equations (1) and (2). This creates a pressure at the surface of the target as an air cushion and this is assumed to be as follows:
The pressure .loss between the sensing plane and the target surface is related to the gap size (dx). Therefore, as the gap (dx) between the sensing plane (or the end of the air chamber) and the target surface reduces, the pressure loss decreases accordingly. It can therefore be inferred that as the gap (dx) reduces, the air cushion pressure tends to equal the pressure leaving the air chamber and therefore the pressure at the entrance of the back pressure air jet. Another important factor is the force of the air flow that strikes the target surface. This force should not exceed the force necessary to hold the target in equilibrium, the force normal to the target surface is determined as follows:
where: p is the density of air. The air flow through a straight pipe of circular cross-section with axial symmetry (in this case the back pressure air jet) is similar to the preceding case as governed by Poiseuille's law applicable to blood flow in narrow vessels. Figure 4 illustrates the flow through a back pressure air jet where the volumetric flow rate Q x through the entire cross-section is given by the following equation:
The average velocity in Hagen-Poiseuille flow, 14 can be obtained as follows:
From equations (4) and (5), (dp) is the pressure change through the back pressure air jet (P 2 -Pi). Pi is the pressure at the entrance in the air jet and is approximately equal to the pressure of the air cushion. P l is the exit air pressure through the back pressure air jet which is monitored by the IC pressure sensor. If it is assumed that the back pressure air jet length (dx) is very short so that the pressure drop in the back pressure air jet tends to zero, then the input air jet pressure (or air cushion pressure) can be assumed to be equal to the exit pressure and therefore to the IC pressure sensor. From this assumption, the flow rate Q x through the back pressure air jet can be evaluated from equations (4) and (5) . Knowing the input flow rate through the air chamber, the flow rate and pressure loss between the sensing plane of the sensor block and the target can be approximated. Any decrease in the air jet length (dx) will result in a decrease of the pressure loss in the air jet as mentioned above. Thus the shorter the air jet the less pressure drop is obtained in the air jet. This is one important design consideration, while another consideration is the diameter of the back pressure air jet. In designing the tactile sensor, the diameter should be as small as possible to enable a number of air jets to be compacted in a small area in order to achieve a high spatial resolution device. Equations (4) and (5) suggest that with a larger back pressure air jet diameter a lower pressure drop is achieved.
The theory outlined above proves useful in understanding the effect of parameters such as the dimensions of the air chamber, the nozzle diameter and the length and diameter of the back pressure air jet. These parameters are very important in the tactile sensor design. The derived equations are also helpful in determining the amount of air supply one needs in order to meet the design requirement. A low pressure supply will limit the tactile sensor sensing sensitivity. Although a higher pressure supply increases the tactile sensor sensitivity, higher pressure can destroy the IC pressure sensor element. It is therefore desirable to supply the device with an optimum pressure supply.
SIGNAL ACQUISITION AND PROCESSING
A simple electronic circuit is used to monitor the signal generated by the pressure sensor. A constant current of 1 mA is used to energise the bridge circuit formed by the Fig. 4 . Air flow through a back pressure air jet. four piezoresistive strain gauges. A high precision potentiometer is incorporated within the bridge circuit which allows the calibration of the output signal of the span (bridge circuit output) and sets it to a zero reading at any back pressure. The analogue signal generated by the bridge circuit (the sensor span) is then amplified by a high input impedance differential JFET type operational amplifier with an output voltage gain of 17.8. A combination of a diode and a zener diode are used at the output to prevent the signal from being dropped to a value under 0 volt (or precisely negative signals) or to signals exceeding 5 volts as the signals are subsequently fed to a digital circuit (A/D analogue to digital converter). The amplified analogue signal goes through an analogue to digital converter before the signal is processed.
BACK PRESSURE AIR JET FLOW THROUGH THE BACK PRESSURE AIR JET

Sensing element
The sensing element employed is a piezoresistive IC pressure sensor which uses a mechanical spring element in the form of a diaphragm. The back pressures are directed along the hollow tubes, applied to the spring elements, and converted into mechanical strains which in turn provide continuous voltage outputs. The diaphragm is usually fabricated by employing a special anisotropic etching technique. This allows a number of diaphragms to be produced on a thin silicon wafer. A pyrex constraint plate is bonded to the silicon diaphragm plate in order to isolate the sensing element from the package stress. The silicon diaphragm is subjected to the differential pressure (P x -P 2 ), where P 2 is the pressure at which both plates were sealed together and corrected for operating temperature. To measure the stress in the N-type silicon diaphragm, four P-type resistors (strain gauges) are employed. These strain gauges are obtained through a selective diffusion of boron into the silicon diaphragm, and the bonding between the strain gauges and the diaphragm is achieved through the atomic structure of silicon. This type of bonding eliminates the effect of creep, which is the major source of instability in metaliic or bonded types of strain gauge sensors.
Two of the strain gauges are located in an area of compression, while the other two are in an area of tension. Electrically they are interconnected into a fully active Wheatstone bridge configuration to maximise the output signal. This bridge provides an analogue output signal which is proportional to the input pressure. The full-scale span for this type of integrated sensor is 100 mV. The particular type of IC pressure sensor used in this sensing device has the following features:
• good solid state stability; • low noise susceptibility; • temperature compensation over the range of 0-50°C; • high resolution graded output in the range of 0-15 Psi (gauge pressure) with an accuracy of 0.1%; • small weight, approximately 3 grammes.
Variable resistors in the conditioning circuit board should compensate or the IC pressure sensor by enabling it to work in the range of 0 to 50°C with a ±1% error in the output signals (loaded and unloaded span). This temperature compensation is described. 15 
SENSING BLOCK
The sensing block is described in detail in 15 and is assembled to the signal conditionning circuit box via two rigid brackets on each side of the block and should be kept normal to the sensing plane of the sensing block. The piezoresistive pressure sensors are connected to the sides holes of the sensing block via flexible tubes. Flexible tubing is also used for the air supplied to the chamber. Each piezoresistive pressure sensor is connected to an individual variable resistor of an electrical circuit and the output signals are transmitted to the computer interface through a 20 way ribbon plug as shown in Plates 1 and 2.
The prototype design of the proximity-to-tactile sensing block utilises the air jets in such a fashion that the tactile sensor has an acceptable spatial resolution (air jets spacing) and also a good sensitivity response. The other major consideration is the ease and cost of producing the tactile sensing device. Furthermore, the position of the air jets must be selected in such a way so as to ensure that the air supply jets do not impinge on the sides of the column and cause turbulent conditions to occur. The spatial resolution of this tactile device depends directly on the size of the back pressure air jets, as smaller the diameter of the back pressure air jets, the better the spatial resolution. The ideal tactile sensor as described by Professor Harmon 9 exhibits a spatial resolution of 1 mm and this emulates the human touch sensing. In this configuration, the size and the means of machining the air jets columns do not allow us to perform the ideal spatial resolution. In order to achieve a reasonnable spatial resolution without affecting the sensitivity of the device a method of scanning the same line of the target twice by sifting the sensing device by half of the its spatial resolution. The measurement resolution (or sensitivity) of the device was obtained by mounting the sensing block on a vertical computer controlled milling machining centre. A flat slab of material (a test piece) was held underneath the spindle on the machine bed and in a pneumatically operated jaw. The supply pressure and the volumetric flow rate were kept constant and the sensor block was advanced in the direction of the test piece (or target), reducing the gap in increments of 10 fim. When the gap was less than 1 mm, a discernable change in the values of the IC pressure sensor output was observed for any increment of motion. The measurement resolution (i.e. sensitivity) was found to be 1 mV/fim. With the CNC machine movement sensitivity of 10 /im, it is impossible to fulfil the capabilities of the sensor. However, if a precise automated platform is used, the device would be capable of discerning object features down to a micron.
•Therefore, the tactile sensing device can be employed for detection of anomalies such as cracks and burrs on object surfaces but not to ascertain surface textures.
The pneumatic proximity-to-tactile sensor monitors Plate 1. Imaging tactile sensing device front view.
object profiles by measuring the gap between the sensing plane and the object surface. The sensor output is an array of analogue signals from IC pressure sensors in terms of mV. In using the tactile sensor, it is necessary to calibrate it in order to obtain a relationship between mV output and the gap depth. The calibration curve varies with the supply pressure and the volumetric flow rate. For a constant condition (i.e. constant supply pressure and volumetric flow rate), the calibration characteristic curves of each individual sensing element of the proximity-to-tactile sensor device at different gap sizes between the sensing plane and the object to be sensed are fully described in reference.
1S It should be noted that each IC pressure sensor has its own calibration curve. Once a line array of mV values are converted to gap depths using the appropriate calibration curves, the profile of the object surface facing the sensing plane would be known. function f(x, y) at spatial cordinates (x, y) in the X-Y plane defines a measure of the back pressure resulting from the proximity-to-tactile sensor. For our purposes, where ease of computer-based processing is a primary requirement, we shall be concerned with digital images, where we accept a suitable approximation of the function f{x,y) in return for convenience in representation and subsequent processing. A digital image is an image which has been approximated in two ways, corresponding to spatial and amplitude digitization.
Sometimes referred to as image sampling, this involves representing the national original continuous image function as an array of specific samples at discrete points within the two-dimensional frame of reference, as illustrated in above. In general, the spatially digitized image consists of (x, y) equally distributed samples, where each discrete point in the array is identified as a picture element or taxel in this case.
Each taxel in the array has to encode the local image value. An image intensity (back pressure reading) level is designated a grey level and the full range of intensity levels available in a particular image is referred to as the grey level. In this case, we are concentrating on binarized images, where the amplitude digitization occurs when the grey level consists of just two possible levels (0 and 1), as the resulting image consists of an array of points each of which is either black or white. It is clear that binary images are simple to generate, store and manipulate, since each taxel is associated with a single bit of information, provided that we retain enough information for subsequent processing requirements, there are many advantages in working with binary images where possible in practical situations. Figure 5 (i) and 5(ii) represent a computer binary reconstruction of a cam at two different orientations which comprises an array of 32 x 32 circular sensing sites, 1.5 mm diameter and 3 mm center to center spacing, and it is approximated to human finger resolution.
CONCLUSION
The tactile sensing device presented in this paper can acquire object related information that corresponds closely to the human sense of touch. The information obtained is rather limited in diversity when compared with the human tactile capability. However, within its narrow band of cutaneous emulation the analysis performed provides quantitative information that is not usually acquired by human touch reception. This sensing device provides information in a narrower bandwidth than that of a vision system. It acquires lower resolution global information than vision. This makes tactile sensing more useful for feature extraction (i.e. holes) and object recognition using predicates than for global image processing. Therefore, it is concluded that the device should acquire high resolution from predefined locations within an object view. In this mode tactile data information acquisition and processing can resolve in object recognition in a faster cycle than with visual analysis. The other features of this tactile sensing device is firstly less affected by environmental conditions such as lighting, smoke, or haze which affect visual processing and other tactile sensing. It does also not suffer from problems associated with most tactile sensors such as wear, fatigue, hysteresis and drift in conductivity because of its data acquisition from a "near-tactile" mode. The devised tactile sensor can, however, suffer from noise and turbulent flow conditions. Because of its low resolution, the problem of noise can be alleviated by software compensation more readily than in the case of visual analysis. Air is used as a transmitting medium between the effect of the external stimulus to the sensing element, this medium is cheap, easy to control and more available when compared to other transmitting media such as a soft membrane, Xenon light, laser etc.
Examples of applications of such a device are:
• Objects indentification and orientation assessment 17 "
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• Gripping force monitoring • Object slip detection.
